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1. Introduction 


In order to ensure future energy security and sustainability, 
renewable energy has attracted the attention of researchers in both 
academia and industry. Biofuel energy is one of the renewable 
energy that has gained grounds in this regard. The U.S. Environmen- 
tal Protection Agency (EPA) announced starting ethanol production 
at 4 billion gallons in 2006, and increasing each year by 700 mil- 
lion gallons. This will reach a level of 7.5 billion gallons in 2012 [1]. 
These contributions are important in helping to improve the envi- 
ronment by reducing the Green House Gas emission (GHG), and 
possibly increasing economic activities in most parts of the country 
[2]. 

Biofuels include a wide range of fuels which are derived from 
biomass. The major products cover liquid biofuels and various bio- 
gases [3]. Bioethanol is an example of liquid fuels that are used as 
substitutes as well as additives for transportation fuel. Biogas is 
methane produced by the process of anaerobic digestion of organic 
material by anaerobes. It can be produced either from biodegrad- 
able waste materials or by the use of energy crops fed into anaerobic 
digesters to supplement gas yields. The solid byproduct, digestate, 
can be used as a biofuel or a fertilizer. 

Biofuel supply chain consists of a network of producers of the 
raw material (biomass), biorefineries, storage facilities, blending 
stations and end users. Many researchers have focused on tech- 
nologies that transform biomass to biofuel. But in order to deliver a 
competitive end product to the end user markets, a robust, reliable 
and sustainable biofuel supply chain is essential [4]. The biofuel 
supply chain management should provide three main levels of 
management decisions to ensure the delivery of the finished prod- 
ucts from the origin to the destination in an efficient and effective 
manner. These decisions can be strategic, tactical and operational. 
Due to the nature of the biofuel supply chain, many uncertainties 
exist. The uncertainties include, but are not limited to: raw material 
supply and price uncertainties, finished goods demand and price 
uncertainties; pre-treatment uncertainties, production and yield 
uncertainties and transportation uncertainties. In order to achieve 
optimal performance, the decisions of biofuel supply chain man- 
agement should incorporate these uncertainties [4]. However, few 
literature which model uncertainties in biofuel supply chain have 
been found. Therefore, this review discusses the uncertainties in 
biofuel supply chain and provides some modeling methodologies. 
In addition, sustainability issues that are related to economic, social 
and environmental factors should be considered in the supply chain 
optimization in order to sustain the health of the biofuel supply 
chain. Hence, sustainability concepts have been discussed in the 
paper as well. Some modeling methods are presented to model 
these issues in biofuel supply chain, which have been found in the 
literature. 

The rest of the paper is organized as follows: Section 2 provides 
an overview of the biofuel supply chain. Section 3 considers the 
decision making in biofuel supply chain. Section 4 discusses the 
uncertainties in the biofuel supply chain management. In Section 
5, an outline of the stochastic modeling methods that have been 
applied in other supply chains are provided. Section 6 identifies the 
sustainability concepts and provides some sustainability models 
that can be integrated into the biofuel supply chain. Section 7 finally 
draws the conclusion and provides future research direction. 


2. Background and evolution of biofuel 


Biofuels have been in existence for decades. It can be traced to 
the late 1800s when their major purpose was for cooking, heating 
and other needs. Due to the changing technology and production for 
commercialization, a structured market is available for its trading 


[5]. Biofuels are being used for basic energy needs and as blends or 
substitutes for the traditional fuel sources, that is, petroleum. 

There are currently four generations of biofuel. The raw mate- 
rials of the first generation biofuels are obtained from food crops. 
Examples are corn, sugar beets, sugarcane, and any sugar or starch. 
The technological method used to produce first generation biofuel 
is called enzymation, or enzyme digestion that releases sugars from 
starchy materials in the feedstock. According to [6] the first gen- 
eration biofuel are produced primarily from food crops. The raw 
materials used usually have higher octane rating, which measure 
the tendency of the fuel to burn in a particular manner that is 
suitable for the engine. This has gotten to the stage where increas- 
ing measures are being made to address these limitations, by the 
introduction of the second and third generation biofuels. 

Second and third generation biofuels are produced from 
residues of crop and forest, industrial wastes and non-food energy 
crops. The raw materials for the second generation include cel- 
lulosic materials, switchgrass, waste biomass, wheat stalks, corn 
stalks, wood, and special energy or biomass crops, e.g. Miscant- 
hus. Second generation biofuels use liquid technology to transform 
solid biomass to biofuel [7]. This technology mimics the biological 
digestion of ruminants as they digest the grass they have eaten, 
which is called enzymatic digestion. Example of the third gener- 
ation biofuel is algae, which is mostly being developed today. No 
commercialization production has begun yet since researchers are 
conducting experiments in identifying mechanisms of the decom- 
position of the cellulose into sugars. One of the advantages of the 
second and third generation of biofuels is provision of additive 
impacts with the usage of raw materials that do not compete with 
food. This is the main reason why the second and third generation 
biofuels are preferred since they use raw materials that are readily 
available, cheap, no competition with food, and reduction in Green 
House Gas emissions (GHG). This is made clear by [8] indicating that 
the first-generation biofuels appeared unsustainable because of the 
potential stress that their production places on food commodities. 
Also, the high level of content of lignin and cellulose makes it desir- 
able for higher carbon content which makes it more effective and 
suitable for usage in bioenergy production. 

The fourth generation biofuels are currently ongoing and has 
not generated as much attention as there are still pressing pol- 
icy and other needs for the first, second and third generations. 
Numerous organizations and start up are advancing the concept of 
bio-chemical and thermo-chemical processes that produce drop in 
fuels like green gasoline, green diesel, and green aviation fuel. This 
has been the case because there is no formal definition for the term 
fourth-generation biofuels. While some quarters have referred to 
it as the biofuels created from processes other than first genera- 
tion ethanol and biodiesel, second generation cellulosic ethanol, 
and third generation algae biofuels [9]. Some fourth generation 
technology pathways include: pyrolysis, gasification, upgrading, 
solar-to-fuel, and genetic manipulation of organisms to secrete 
hydrocarbons. Tables 1-3 summarize the similarities, differences, 
and sustainability concepts of the first, second and third, and fourth 
generation biofuel. 


2.1. General structure of the biofuel supply chain 


Fig. 1 shows the general framework of the biofuel supply chain. 
The major elements in the biofuel supply chain are: (1) farms, (2) 
storage facilities, (3) biorefinery plants, (4) blending facilities, (5) 
retail outlets, and (6) transportation. In general, biomass raw mate- 
rials are transported by trucks from the neighboring farms to the 
biofuel refinery plant through the farm cooperatives. Cooperatives 
act as the liaison between the producers and the buyers. Storage 
facilities are needed between farms and biorefineries. Pretreat- 
ment storage is also provided to ensure raw material freshness and 
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Table 1 
Similarities in biofuel generation. 


1361 


First generation Second and third generation 


Fourth generation 


Energy security Ensures Ensures 
Agricultural and industrial support Ensures Ensures 
Reduction of oil imports Ensures Ensures 
Demand and expectation Ensures Ensures 
Greenhouse gas emission reduction Ensures Ensures 


Ensures 

Ensures and other extensions 
Ensures 

Not exactly known- ongoing research 
Potential exists 


Table 2 
Differences in biofuel generation. 


First generation 


Second and third generation 


Fourth generation 


Type of biomass 
Market for trading 


Production technology 


Conversion rate 
Feedstock availability 


Cost of building plant and process 


Uses sugarcane, oil feed, corn and 
other food substitute as raw material 
Structured markets for trading 


Relatively mature section for 
production 


Lower conversion rate of conversion 


Readily available in large quantities in 
some places, e.g. corn in the USA 

This is an expensive option for energy 
development 


Uses switchgrass, wood waste and 
other cellulosic raw material 
Not structured for markets for trading 


Relatively new and not matured and 
good for cost reduction 


Relatively cheaper and sometimes at 
no cost 

Extensive benefits on green house gas 
emission is limited 

Not in commercial quantity, research is 
still ongoing 


Uses combination or special 
process of first and second 
Not structured for markets for 
trading 

Relatively new and not 
matured and good for cost 
reduction 

Cost could be higher as heating 
processes are involved 
Benefits on green house gas 
emission but not quantified 
Not in commercial quantity, 
research is still ongoing 


Table 3 
Sustainability in biofuel generation. 


First generation 


Second and third generation 


Fourth generation 


Environmental benefits 
Biodiversity 
Food versus energy competition 


Social and environmental impact 


Provided initially breakthrough and 
increase octane number in gasoline 
Might potentially have a negative 
impact on biodiversity 

Contribute to higher food prices due to 
competition with food 

Claimed environmental and social 
benefits 


Close to meeting the claimed 
environmental benefits 
Lower conversion rate 


Lack of technological and research 
breakthrough 
Same 


Ongoing 
Not relatively known 
Technological and research still 


ongoing 
Initial thought, not proven 


Terminal for 


Fuel Blending 


and Storage 


E10 8 


pE. 
$ via a 


E95 
via Rail 


Gasoline Retail 


Outlet 


Gasoline Retail 


E10 


Ra Truck 


/ 


E95 ae 


via Truck 


~ 4 


Ethanol Plant 
or Biorefinery 


Terminal for Fuel 
Blending and Storage 


Farm 
Cooperative 


Neighboring 
Farms 


Fig. 1. General framework of the biofuel supply chain. 
Source: National Bioenergy Center, National Renewable Energy Laboratory (2005). 
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increase the conversion rate. In most cases, the feedstock or raw 
materials are transported from farms directly to the biorefinery. 
Biomass raw materials are converted into finished goods such as 
bioethanol, corn oil and distiller’s dry grains (DDGS) at the biore- 
finery. The finished product is transported via trucks to terminals 
for blending. Blending the ethanol with gasoline is carried out so 
that the ethanol product will be used for fuel purposes only. This is 
usually done at the initial stage by denaturing it with other chem- 
icals. The blending of ethanol and gasoline ensures the provision 
of various grades of ethanol and gasoline combinations such as 
E85 and E15. The E85 consists of 85% ethanol and 15% of gaso- 
line, while the E15 consists 15% of ethanol and 85% of gasoline. The 
blended ethanol is subsequently sent to the gasoline retail outlets, 
where they are sold together with other types of fuel. In the second 
and third generation of biofuels, terminals for fuel blending have 
not been given much attention. Some biofuel supply chains have 
a direct pre-treatment at the refinery or biofuel plants where the 
raw materials are sent directly as explained previously. A biorefin- 
ery plant usually uses various conversion processes to convert the 
raw materials into the various end products depending on if it is 
from any type of the generations. 


3. Decision making in biofuel supply chain 


In general, supply chains consist of a summarized network of 
suppliers, manufacturers, and end users. Supply chain manage- 
ment is the management of all the activities in the supply chain 
to ensure the efficiency and effectiveness of the material flow, 
information flow and cash flow. There are three main decision mak- 
ing processes in supply chain management: strategic, tactical and 
operational decisions. Strategic decisions are long term decisions 
which may need revisions after five or more years depending on 
the business entity. The tactical decisions are medium term deci- 
sions usually spanning between six months and one year. They take 
into account logistical needs, distribution parties or network and 
inventory planning levels. Usually tactical decisions are made to 
provide cost benefit due to the constraints of the strategic deci- 
sions. Finally, the operational decisions are short term decisions 
that are made weekly or daily. They help to achieve the tactical 
decisions outlined. An example is the detailed production schedul- 
ing, demand planning and detailed scheduling [10]. The design and 
management of efficient supply chains in today’s competitive envi- 
ronment should focus on optimizing all the decisions to achieve 
robust and reliable supply chain. Therefore, designing the supply 
chain of biofuel should focus on optimizing strategic, tactical and 
operational decisions to reduce system wide total cost or maximize 
profit. 


3.1. Strategic decisions in biofuel supply chain 


Strategic decisions in biofuel supply chain include, but are not 
limited to; (1) selection of energy production technologies, (2) 
network configuration, (3) supply and demand contracts, and (4) 
ensuring sustainability [11]. 

Energy production technologies should be selected at the begin- 
ning of planning the production of biofuel. The technologies will not 
be changed in a short-term period. Energy production technologies 
include; (1) the conversion of waste biomass and organic sub- 
strates into energy, which involves a wide range of different types 
and sources of biomass, (2) conversion options, end user applica- 
tions and (3) infrastructure requirements [12]. Reasons such as raw 
material availability, raw material type, cost of building and main- 
taining the plants, energy and food debate as well as environmental 
and sustainability issues are all important factors to consider 
when choosing the type of technology to be used for the biofuel 


production. This is the reason the technologies cannot be changed 
very often [13]. 

Optimal biofuel supply chain network will ensure that the bio- 
fuel can be delivered efficiently and effectively to the end-user 
market [14]. Supply chain network design involves decisions such 
as sourcing and location of production facilities. One of the most 
inclusive studies of the design of logistics network is the strate- 
gic decision problems that need to be optimized for the long-term 
efficient operation of a biofuel supply chain [15]. The configu- 
ration of Waste to Biomass Supply Chain (WBSC) networks as 
studied by [16], is comprised of critical decisions that affect the 
biomass flow and the associated costs. The authors refer to sourc- 
ing, procurement of biomass, purchasing, allocation and capacity of 
intermediate warehouses and location of energy conversion facil- 
ities as part of the strategic decisions that are taken. Some key 
parameters such as the capacity limit of supply nodes and the 
potential fixed capacity of an existing power plant by [17] are also 
considered. 

Supply and demand contracts involve decisions such as agreed 
terms of delivery and payment between the producer and the sup- 
plier. This might involve standard regulations as practiced in most 
industries [18]. Some of these measures include governmental R&D 
programs, tax cuts and exemptions, investment subsidies, feed-in 
tariffs for renewable electricity and mandatory blending for biofu- 
els quotas. Supply and demand contracts measure the intensity and 
fusion of having some level of conviction to lure investors. Nonethe- 
less, sufficient biomass supply under stable and reliable conditions 
help in the sustainability and measure targets for stability. In pro- 
viding renewable energy policies to a changing market demand 
for bioenergy [19] suggested a collaborative effort from agricul- 
tural, governmental and consumer organizations to fully utilize the 
varied expertise that each team brings in the overall objective. 

Ensuring sustainability are the types of decisions that are made 
to ensure the entire supply chain is sustainable, and able to support 
and accomplish its main functions and objective. Sustainability on 
the other hand ensures that the social, economic and environmen- 
tal impacts of this supply chain are adequately addressed. A more 
detailed analysis of this will be considered in Section 6. 


3.2. Tactical decisions in biofuel supply chain 


Tactical decisions are medium term decisions that involve 
sourcing decisions, production decisions, scheduling, transporta- 
tion and logistical contracts, and planning process definition [20]. 
Inventory decisions such as location, quality and quantity of inven- 
tory are also considered. Decisions taken at the tactical decision 
level are planned towards achieving and executing the strategic 
decisions. 

Biomass sourcing decisions are crucial in the Biofuel Supply 
Chain (BSC) in order to minimize the geographical distance and 
increase accessibility to the raw material sources among other fac- 
tors. This ensures that the rather isolated geographical allotment 
of significant biomass is able to raise the interest of researchers 
into identifying the available biomass quantities over a region, and 
subsequently proceeding with the selection of the optimal biomass 
sources [21]. 

Production scheduling and inventory decisions in biofuel supply 
chain are types of the medium term decisions. These decisions are 
considered as the base of the tactical level in order to streamline the 
stock of finished products that are produced. Also, the amount of 
finish goods to be stored based on the raw material availability and 
overall strategy of the immediate production plan. A presentation 
of a novel multi-time-stage input-output-based modeling frame- 
work for simulating the dynamics of bioenergy supply chains is 
considered by [22]. One of the key assumptions used in the model 
is that the production level at the next time-stage of each segment 
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of the energy supply chain. This adjusts to the output surplus or 
deficit relative to the targets at the current time period. The objec- 
tive of the process was to minimize the overall cost of the supply 
chain by reducing the inventory level and freeing locked up working 
capital in the warehouse. 

Transportation involves the movements of people and goods 
from one location to the other. Logistics on the other hand consid- 
ers the management of the flow of the goods, information and other 
resources in order to meet customer requirements [23]. Trans- 
portation and logistics selection or contracting is another important 
decision in the tactical decision level which seeks to create the link 
between the various points of processing and delivery. Ref. [24] 
considered the capability of harvesting, storing and transporting 
biomass efficiently, at a low cost. This was done by considering the 
transportation system of a cotton supply chain network and inter- 
modal transportation impact. Assumption basis scheduling and 
pick up time on the biofuel supply chain respectively are applied. 
Transportation and logistics usually have a high impact on the effi- 
ciency and responsiveness of the entire chain. 


3.3. Operational decisions in biofuel supply chain 


Operational decisions are short term decisions that ensure the 
continuous operation of the plants and other processes in the sup- 
ply chain. These decisions are made daily or weekly and sometimes 
several times to make sure that products are manufactured, moved 
and sold in a timely and cost effective manner. Some of the oper- 
ational level decisions are detailed production scheduling, daily 
fleet management, and daily or weekly inventory review. The focus 
here is geared towards achieving the plan or framework set by the 
tactical supply chain decisions. In the biofuel supply chain, this 
involves daily activities and planning such as transportation and 
logistics scheduling, demand forecasting and review to meet the 
monthly targets. The manufacturing planning for the plants and 
the detailed production and material requirements planning are 
usually reviewed at this decision level [25]. 

Daily production scheduling is used by [26] in optimizing the 
production of agricultural residues. The authors consider produc- 
tion scheduling as the operational decision, and the raw materials 
needed and capacity of power plants as some of the parameters in 
the model. A comparison is provided to investigate the energy pro- 
duction and the agricultural interest in satisfying the objective by 
[27]: 

Logistics and fleet management involve important decisions 
that are made within the operational decision level in the BSC. This 
ensures that adequate provisions are made in the delivery of the 
products in a timely fashion. In doing this, one of the important 
factors to consider is the provision of the necessary technical tools 
to implement the decisions that are chosen. Ref. [28] examined 
logistical measurements by surveying geographical areas by using 
decision support system (DSS) tools. These decision support system 
tools help to optimize the land area for the usage of the biomass 
raw material [29]. Operational decisions in the biofuel supply chain 
impact the material flow, timeliness, efficiency and effectiveness to 
ensure minimized cost of delivery [30]. 


4. Uncertainties in biofuel supply chain 


Uncertainties will impact the performance of supply chains and 
should be incorporated in many decision making. The major uncer- 
tainties in biofuel supply chain include, but not limited to; (1) raw 
material supply uncertainty, (2) transportation and logistics uncer- 
tainty, (3) production and operation uncertainty, (4) demand and 
price uncertainty, and (5) other uncertainties. 


4.1. Biomass supply uncertainties 


Supply uncertainties include raw material yield, type and qual- 
ity [31]. This raises major concerns in procurement decisions as 
indicated by [32-36]. Most supply uncertainties in the biofuel sup- 
ply chain are due to quantity of the biomass yields harvested, 
quality of the biomass, transportation lead time, and congestion 
at biomass source [37]. Supply uncertainties can be operational 
and/or financial. Some of the operational and financial hedging 
methods are safety stock, multiple suppliers, and forward and 
future purchase of raw materials respectively. Table 4 outlines 
some of the supply uncertainties in the biofuel supply chain. 


4.2. Transportation and logistics uncertainties 


Transportation and logistics uncertainties are the inability to 
deliver both biomass raw materials and finished products in a 
timely and cost effective manner. Examples of transportation and 
logistics uncertainties are delays in fleet scheduling, demand and 
inventory, transportation cost, lack of coordination, delivery con- 
straints, lack of optimized containers due to low yield supply, cost 
of warehouse and transportation lanes availability. The provision of 
an effective movement and delivery of fresh products and services 
is one of the reasons to consider transportation and logistics uncer- 
tainties. Some of the impacts of these types of uncertainties on the 
supply chain are: increase in freight cost, volatile supply of raw 
materials and increase in inventory and warehouse cost. Table 5 
outlines the uncertainties in transportation and logistics. 


4.3. Production and operation uncertainties 


Production and operation uncertainties cause the inability to 
produce the planned quantity of production. Some of these uncer- 
tainties are delays in raw materials acquisition, production yields, 
machine breakdown, lead time constraints and inventory decisions. 
Decisions made without considering these types of uncertainty will 
lead to underperformance of the supply chain. For example, firms 
intend to reduce excess inventories that may lock up working cap- 
ital. This results in having limited inventory which might cause 
losses in profit when uncertain disruption of production happens. 
Table 6 summarizes some of the uncertainties in the production of 
biofuel supply chain. 


4.4. Demand and price uncertainties 


Demand uncertainty refers to the unknown or unpredictable 
variations in the quantity and timing of demand as experienced in 
a supply chain. Price uncertainty defines the chance or speculation 
that price of a product might change. Demand and price uncertain- 
ties in biofuel supply chain, include, but not limited to, raw material 
cost (e.g. corn prices), crude oil price, tax subsidies, carbon trading, 
and governmental policies. Incorporating demand and price uncer- 
tainties into the decision making process can reduce expectation for 
profit generation. Table 7 outlines some of the uncertainties due to 
demand and price with reasons. 


4.5. Other uncertainties 


Other types of uncertainties in the biofuel supply chain are 
sustainability, tax, governmental policies, and regulatory policies. 
Sustainability uncertainties are meant to bridge the gap between 
the economic aspects of biofuel, and the social implications. The 
utilization of the resource without any social and environmental 
policies is detrimental to the sustainability concept. Table 8 sum- 
marizes the uncertainties due to other forms. 
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Table 4 
Supply uncertainties. 
Paper Uncertainty Reasons 
[38] Supply (quantity) Shortage of feedstock, technology for harvesting and regulation influx 
[39] Supply (quantity) Maintaining stable supply of biomass, environmental and economic viability of alternative fuel 
[40] Supply (unavailability of arable land) Land utilization for other food purposes, paper suggestion eliminating Green House Gas (GHG) emissions 
if biofuel is used 
[41] Supply (unavailability of lands) Unreliable supply sources possibly due to the market establishment for corn trading and not for some 
biomass raw material 
[42] Supply (quantity and quality) Supply issues due to profit participation rights rather than spot market interactions regarding the supply 
of raw materials 
Table 5 
Uncertainties in transportation and logistics. 
Paper Uncertainty Reasons 
[43] Transportation (delivery) Unable to locate biofuel plants at an optimized location to ensure electricity and heat usage delivery 
[44] Transportation (intermodal) To deliver biofuel at the least cost within the supply chain 
Table 6 
Showing the production and operation uncertainties. 
Paper Uncertainty Reasons 
[45] Production (supply of raw material) To be able to stabilize demand variation and therefore simulating raw material delivery to the plant 
[46] Production (inventory balance) Unable to create an inventory and delivery balance and therefore adopting a plant wide control process 
Table 7 
Demand and price uncertainties. 
Paper Uncertainty Reasons 
[32] Demand and price (market volatility) Evaluating the impact of food security through high energy demand 
[33] Demand and price (market volatility) Unable to fully assess the impact of tax on energy markets due to volatility 
[40] Price (biomass raw material) To develop a model pattern for the spatially explicit supply chain 
[47] Price (market size) To be able to invest in the biofuel supply chain considering the market structure 


5. Modeling uncertainties in biofuel supply chain 


Due to the nature of the biofuel supply chain, uncertainties 
exist in all the echelons of the supply chain. In order to eliminate 
the impact of these uncertainties, we need to incorporate them 
into the decision making process. Literature does not provide suffi- 
cient source on modeling the uncertainties in biofuel supply chain 
management. Therefore, the following sections discuss the popular 
methodologies used to incorporate uncertainties in general supply 
chain management. 


5.1. Analytical methods 


Analytical methods are one of the methodologies that are used 
to solve problems with uncertainty. Some of these methodolo- 
gies are Stochastic Mixed Integer Linear Programs (SMILP), Integer 
Stochastic Programming (ISP), Stochastic Mixed Integer Non-linear 
Programs (SMINLP), Markov Decision Process (MDP) and Linear 
Programs (LP) with Scenario Generation (SG). These methods have 
seen applications in other supply chains, and might yield significant 
results if applied in the biofuel supply chain. 

The work of [34] developed an improved stochastic method 
based on the Stochastic Mixed Integer Linear Programming (SMILP) 
method. It uses an improved solution method, based on the sam- 
ple average approximation technique. This technique is integrated 


with the accelerated Benders decomposition for the improvement 
of the mixed integer linear programming solution phase. This 
solution method is applicable to problems with large number of 
scenarios. 

In [51], the application of an Integer Stochastic Programming 
(ISP) method based on a two-stage stochastic capacity planning 
model is used. Benders decomposition method is applied to solve 
this problem. The models give some computational results based 
on serial and parallel implementations of the algorithms that are 
used. First, an analysis of the wait and see models is presented and 
then, the results of this analysis are incorporated into the stochastic 
representation of the model. 

Ref. [52] introduced a two-stage stochastic model for supply 
chain management under uncertainty by applying a Stochastic 
Mixed Integer Non-linear Method (SMINLP). The decisions are to 
determine the production topology, plant sizing, product selection, 
product allocation and vendor selection. The proposed solution 
algorithms are based on branch and fix algorithm. The branch- 
and-fix approach is introduced for coordinating the selection of 
the branching nodes, and the scenario subproblems to be jointly 
optimized. 

A multi-period stochastic planning model using finite scenario 
generation is developed by [53]. The technique applied is generat- 
ing scenarios for the mean with given standard deviations as the 
stochastic terms. The proposed supply chain consists of decisions 


Table 8 
Other uncertainties in the biofuel supply chain. 
Paper Uncertainty Reasons 
[48] Other (carbon emission) Unable to evaluate the actual carbon emission to indicate number in the market 
[49] Other (carbon, methane, nitrogen emission) To fully determine the amount of methane and other nitrous gas effects on the environment 


[50] Other (tax exemptions) 


To develop a model estimates the cost and surplus by employing tax exemptions 
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such as amount of crude oil to purchase, how much to produce, and 
other processing and distribution requirement. The solution uti- 
lized was known to be effective as compared to the other methods 
such as Expected Value of Perfect Information (EVPI). 

Ref. [54] proposed an auxiliary Markov Chain model for uncer- 
tainty in lead time. The solution technique based on using the time 
Auxiliary Markov Chain was found not to be effective, and a method 
of using the general optimization algorithm is proposed. The paper 
focused on the search of the optimal values of the planned lead 
times for the Material Requirement Planning (MRP) method for the 
supply chain planning. 


5.2. Simulation methods 


Simulation methods are important tools for solving supply chain 
problems with uncertainties. There are different kinds of simula- 
tion: static, dynamic, discrete and continuous, deterministic and 
stochastic. This depends on the system state and case. In this 
work, Monte Carlo (MC) and Discrete event (DE) simulations are 
presented. Generally, the MC simulation is used to solve static 
problems. An example is the Scenario Generation (SG). The DE sim- 
ulation can be used for solving problems in dynamic systems, such 
as queuing systems. For further reading on Monte Carlo, Scenario 
Generation and Queuing Systems, refer to [c-f]. 


5.2.1. Discrete event simulation methods 

Discrete event simulation methods can be applied to many sup- 
ply chain problems to solve uncertainties. 

Ref. [55] used a simulation based optimization approach to solve 
a deterministic planning and scheduling model, which incorporate 
safety stock levels as a means of accommodating demand uncer- 
tainty. The simulation based optimization framework is developed 
for decision making with respect to project portfolio selection and 
project task scheduling. The computational framework, called the 
“Sim-Opt”, combines deterministic mathematical programming for 
maximization of net present value. 

A simulation methodology developed by [56], is based on ana- 
lytical queuing networks, with nonlinear optimization, to design 
supply chain topologies and evaluate performance measures. The 
simulation approach is based on different network scenarios for 
the uncertain parameters. The results obtained from the network 
configurations demonstrated this technique as a useful tool to ana- 
lyze congestion problems, and to evaluate the performance of the 
network topologies. 

The paper by [57] uses a queuing network dynamic simulation 
to study the short product life cycle case shown by Tamagotchi. 
To simulate the supply chain dynamics, all the echelons are con- 
sisted of scenarios based on the Tamagotchi case, and are integrated 
into the dynamic model. The model has three components; market, 
retail and factory for the uncertainty analysis. 


5.2.2. Monte Carlo simulation methods 

Many supply chain stochastic problems have applied Monte 
Carlo simulation to solve uncertainties. A stochastic simulation 
based on dynamic system is used in modeling a network design con- 
sisting of plants, warehouse and possible customer based locations 
by [58]. A solution technique based on the Monte Carlo simula- 
tion and sampling techniques is used. A Markov Decision Process 
(MDP) based on Monte Carlo Sampling technique in providing a cost 
effective supply chain management is considered by [59]. The solu- 
tion technique employed an algorithm that uses a decomposition 
approach for the scalability of the problem. 

To solve a bi-criteria model, a hybridization of multi-objective 
particle swarm optimization and simulation optimization are con- 
sidered by [60,61] respectively. The papers employed the Monte 
Carlo based approach for the mean and standard deviation of the 


uncertain parameters in each case. The solution found was known 
to be effective and insightful in solving a supply chain problem 
with demand uncertainties. Ref. [62] applied a scenario generation 
technique through a simulation approach applied based on discrete 
event simulation. The uncertainty is to make a decision for pro- 
duction based on fuzzy demand and unreliable supply. A solution 
technique based on solving the LP after simulation is used. 


6. Sustainability concepts and models in biofuel supply 
chain 


Sustainability means meeting today’s energy needs for envi- 
ronmental stewardship, economic prosperity, and quality of life 
without compromising future generations’ ability to meet these 
needs of energy for themselves [63]. As discussed by [64-66], 
assessing the true potential of sustainability will require the pro- 
duction, trade and final conversion of the biofuel. Sustainability 
concepts must be analyzed taking into consideration the issues of 
the environment and socio-economic policies [67,68,36,69]. 


6.1. Environmental concept 


Environmental sustainability outlines policy visions that have 
been laid down to prevent the degradation of the agricultural forest, 
and decrease the GHG emission and other environmental issues 
[70]. The major issues of environmental sustainability are; (1) GHG 
emission, (2) water resources quality (3) soil degradation and loss 
of biodiversity. 

Greenhouse gas is the atmospheric gas that absorbs and emits 
radiation. In biofuels, the amount of emission is lower as com- 
pared to gasoline. Biofuels burn cleaner than gasoline, resulting in 
fewer greenhouse gas emissions. Biofuels are fully biodegradable, 
in comparison with other fuel additives. Cellulosic ethanol has the 
potential to cut greenhouse gas emissions by up to 86% [71]. Ethanol 
is a safe, high-performance replacement for most fuel additives. 
The use of ethanol can increase emissions of some air pollutants, 
because fossil energy is used during the farming of biomass crops 
and during biofuel production. These emissions can be reduced by 
using renewable power and improved farming methods. 

Clean, fresh water is essential to public health and environment. 
The impact of biofuels on water quality is due to the issue of intensi- 
fied and expanded corn production on water quality. The increase in 
demand for energy crops will result in price rise in crops encourag- 
ing farmers to grow more feedstock based crops. Corn, soy, wheat 
and other profitable crops will be grown to increase crop yields. 
High corn prices will encourage farmers to expand total acreage 
of land under cultivation, therefore affecting lands set aside for 
erosion control and habitat protection [72]. 

Soil degradation and erosion is the washing away of the surface 
of land as a result of rain, wind and other man-made and natural 
phenomenon. In the absence of strict enforcement of best prac- 
tices, these issues can increase. An analysis on ensuring yield gains 
is not achieved at the expense of environmental quality. Each of 
these actions might increase erosion and contaminated runoff into 
streams, rivers and oceans leading to soil erosion. A further increase 
in erosion could occur if high corn prices reduce the attractiveness 
of financial incentives offered to farmers. This will prevent putting 
erosion prevention plans in place as part of USDA’s Conservation 
Security Program [72]. 


6.2. Economical concept 


The economic issue of biofuel includes, but not limited to the 
following; (1) food versus fuel debate, (2) efficiency and energy 
balance, and (3) increasing biofuel budget programs [73,67,74]. 
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Food versus fuel debate is attributed to many biofuel feedstocks 
like corn, sugarcane, and soybeans that are key sources of food being 
substituted for energy. Production of crops for bioenergy uses may 
displace food-related crops. This can increase the cost and decrease 
the availability of foodstuffs, including plant and animal-based 
foods [69]. This is the reason second, third and fourth generation 
biofuels feed stocks such as cellulosic grass, switchgrass, miscant- 
hus and algae are being explored currently. These raw materials do 
not compete with food, and provide higher conversion rates, and 
cheap cost of cultivating. 

Efficiency and energy balance is the goal to expend less energy 
by using energy efficient materials and means. Energy related 
raw materials and means are configured and changed to become 
more energy efficient, meaning they use less energy to make their 
product. Ref. [75] energy efficiency and renewable energy interrela- 
tionship is the twin pillars of sustainable energy policy. Greenhouse 
gases have also been connected with products that are less energy 
efficient. 

Increasing biofuel budget programs can increase the economic 
activities of farmers. This is achieved in the area of feedstock culti- 
vation, new land acquisition, varying land for different commodity 
harvesting, and increase revenue from investors [76]. Research 
expansion to include variety of feedstock for cellulosic technology 
will enable processors to take advantage of the flow of a variety of 
biomass feedstock. This will encourage water-friendly feedstock of 
perennial grasses and trees. 


6.3. Social concept 


This is to analyze the social issues of biofuel development, 
for example, the potential of technological innovation and how it 
enhances the society. Some of the issues of social sustainability 
concept include; (1) poverty reduction potential, (2) land and crop 
indirect impacts, and (3) effects on social resources, such as water 
utility systems. 

The development of biofuels occurs in the rural areas where 
there are opportunities for agriculture. These areas are inhabited 
by the under privileged, and in some cases small-scale and subsis- 
tence farmers. Biofuel is argued to contribute to poverty alleviation 
through provision of energy by increasing the income and economic 
per capita [77]. Distribution of this wealth can create equity and 
improvement in the quality of life of communities that have bio- 
fuel developments. States like North Dakota can commit to promote 
biofuels mainly in response to societal development and poverty 
alleviation agenda. The achievement of this goal can be developed 
through a structured development program. 

Land is central to the issue of biofuel production. In order to gain 
maximum benefit from biofuels, large tracks of land are required 
for biofuel crop production. Land and crop indirectly affect the land 
tenure system and the decision on the variety of feedstock to invest 
in. High corn prices encourage farmers to expand the total acreage 
of land under cultivation. This possibly leads into lands set aside for 
erosion control and habitat protection. Conventional management 
methods in differentiating these land uses according to physical cri- 
teria [78]. However, actual land uses, not only change according to 
physical factors, but change in demands from market opportunities, 
society and stakeholders’ entitlement. 

The production of liquid biofuels is rapidly increasing, mainly 
due to the establishment of large scale biofuel feedstock planta- 
tions. Provision of quality water, is therefore essential in this regard 
[79]. Clean, fresh water is essential to public health; therefore a reli- 
able water utility system is essential. In the short term, the impact 
of biofuels on water system quality will be inadequacy and pollu- 
tion of water. This might be due total land acquisition increasing 
raw material cultivation. 


6.4. Modeling sustainability issues in supply chain 


Modeling sustainability issues is to integrate the interdepen- 
dence of environmental, social, and economic concepts in the 
supply chain decision making. There is little literature that models 
the sustainability issues in biofuel supply chain. But some models 
have been found in general supply chain problems. 

A Mixed Integer Linear Programming (MILP) model is devel- 
oped by [80] for a multi period supply chain. The decision is to 
determine the optimal values of the quantities between sites and 
the COz emission trading. The model is solved by using a direct 
methodology based on the simplex method. 

Ref. [81] proposes a model which describes the physical rela- 
tionships among different environmental activities and the natural 
water cycle, to evaluate the economic impact of water policy 
sustainability. An integrated material flow account approach is 
evaluated. This framework allows the analyst to consider both the 
effect of given policies on the water cycle and the constraint pro- 
duced by the sustainability problem on the economic system. 

Ref. [82] presents a conceptual model relating plant and soil 
biodiversity framework for future studies in soil degradation. A dis- 
cussion of the economic benefits of soil biodiversity to society as 
part of a wider strategy of conserving and using agro based biodi- 
versity. Further interrelation on how management options might 
be interfaced with farmers’ knowledge in taking management deci- 
sions. 

Ref. [83] develops an economic model that examines the trade- 
offs in resources and consumption due to crop-based biofuel 
development. A proposed solution framework based on a util- 
ity function representing consumption of a number of goods is 
discussed. To assist with the sector development that maximizes 
welfare gains, a suggestion of a number of key indicators used 
in constructing a typology is given. Final demonstration on the 
developing of renewable energy sources with maximum impact 
on human welfare and development. 

Ref. [84] proposed a goal programming (GP) model to address 
efficiency and energy balance in a multi-objective supply chain sus- 
tainability. The analytic hierarchy process (AHP), a multi-objective 
decision making method, is used to evaluate the priorities of goals 
and weights of the deviation variables. The application of this 
approach is illustrated through a case study on sustainable supply 
chain optimization and scheduling of a petrochemical complex. The 
results obtained show that this approach is offers flexibility in the 
supply chain realizations for decision making with sustainability. 

In applying sustainability indicators as objectives for a 
mixed-integer optimization model [85] developed a balanced 
petrochemical network to reduce entire network cost of a typical 
petrochemical industry. A simple Monte Carlo simulation is used to 
accommodate variations in prices and demand. The results indicate 
a useful balance in cost reduction, by incorporating rice uncertain- 
ties in price, comparing with economic effects in all three types of 
sustainability. 

Ref. [86] applied correlation and descriptive analysis in the 
incorporation of poverty reduction as part of sustainability in a 
developing economy. The paper shows that reliable energy-based 
indicators of poverty can be created through one-dimensional indi- 
cator and the explanatory power of energy poverty indicators. 
A final conclusion is made basis that energy indicators are not 
restricted to environmental and economic issues, but is also rel- 
evant for social issues. 

An inexact-stochastic quadratic programming is developed by 
[87] with recourse method to tackle nonlinearities of a marginal 
utility system. The objective is to evaluate the benefits and costs 
analysis for the water system uncertainties. The developed method 
is applied to a case study of planning resources management and 
developing regional ecological sustainability. 


I. Awudu, J. Zhang / Renewable and Sustainable Energy Reviews 16 (2012) 1359-1368 1367 


7. Conclusions and future research 


Renewable energy is an important part of today’s energy 
sources. Biofuel is one of the renewable energy types that serve 
as an alternative and additive to fossil fuel for transportation pur- 
poses. In this work, a provision of the general overview of the 
background and structure of the biofuel supply chain is considered. 
Also, a literature of the decision making process, and the uncertain- 
ties in the supply chain are provided. Subsequently, methodologies 
that have been applied in other supply chain to handle uncertain- 
ties are provided. Finally, sustainability concepts are discussed, and 
suggestions made for the incorporation of sustainability issues in 
biofuel supply chain. 

Due to the uncertainties in the biofuel supply chain, it is 
important to incorporate these uncertainties in the decision mak- 
ing process. Further solution methods should be explored in 
considering these uncertainties. Methodologies such as analyt- 
ical, simulation and other hybrid methods can be utilized in 
solving biofuel supply chain problems with uncertainties. Some 
hedging strategies need to be considered to hedge the risks 
in biofuel supply chain. The risks include risks from feedstock 
supply and price, oil price shocks, and other forms of risks 
within and outside the biofuel supply chain. Applying operational 
and financial hedging tools will be a potential research direc- 
tion. 

Uncertainty in the biofuel supply chain can be modeled by using 
either scenario or distribution based approaches. In the scenario 
based approach, the uncertainty can be described by a set of dis- 
crete scenarios, capturing future uncertainty. Each scenario can 
be associated with a probability level representing the decision 
maker’s expectation of the occurrence of a particular scenario. The 
distribution based scheme can be used when a set of discrete sce- 
narios cannot be identified, and only acontinuous range of potential 
figures can be predicted. Incorporating these processes in model- 
ing biofuel supply chain uncertainties might be useful in obtaining 
optimal decision. 

Literature in modeling sustainability issues in biofuel supply 
chain has not been given the needed attention. However, sus- 
tainability issues impact the health of the biofuel supply chain. 
The effect of underestimating sustainability can lead to planning 
decisions that are either risky or will not take advantage of the 
opportunities that higher levels of sustainability provide. Therefore, 
models that seek to combine economic, social and environmental 
sustainability concepts should be a future direction of research in 
biofuel supply chain. 

The most important reason for making biofuel an option for 
renewable energy is to increase energy security, sustainability, 
as well as to deliver competitive lower cost products to the 
end-user market. In order to achieve a higher level of opti- 
mization, the biofuel supply chain management should apply 
models that incorporate uncertainty and sustainability concepts. 
For instance, to explore the optimal decisions in the produc- 
tion quantity of biofuel, we should incorporate demand and price 
uncertainties as well as sustainability issues like carbon trad- 
ing. 

Finally, an optimal supply chain should be designed for the 
new generation of biofuel in order to commercialize the products. 
Uncertainties and sustainability issues should be considered and 
incorporated when modeling the new generation biofuel supply 
chain management problems. 


Appendix A. Further reading 


Reading on the Monte Carlo, Queuing Theory and others are 
referred in [cf] 


[c] Metropolis N. The beginning of the Monte Carlo method. Los 
Alamos Science (1987 Special Issue dedicated to Stanislaw Ulam) 
125-30. http://library.lanl.gov/la-pubs/00326866.pdf. 

[d] Mitra S. A white paper on scenario generation for stochastic 
programming; July, 2006. 

[f] Jones DW. Empirical comparison of priority queue and event 
set implementations, Communications of the ACM, 29; April, 1986, 
p. 300-11. 
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